Abstract-Bacterial luciferase uses long chain aldehydes as substrates. Alkylboronic acid analogs of these substrates with chain lengths of C 7 and C. have been synthesized, characterized, and used as mechanistic probes for the light emitting reaction. They behave as inhibitors in the in vitro luminescence reaction. Contrary to an earlier report (Macheroux and Ghisla, 1985, Nachr. Chem. Tech. Lab. 33, 785-790) they are not substrates for bacterialluciferase, in that they do not lead to light emission and are not oxidized by the flavin-4a-hydroperoxide to the products boric acid and the corresponding alcohol, as would be expected from a Baeyer-Villiger reaction. However, the particular conformation of a putative boronic acid hydroperoxide at the active center might be such that it would preclude a Baeyer-Villiger fragmentation. Thus, while the results do not support the postulate that luciferase proceeds via a Baeyer-Villiger mechanism, they also do not exclude it. A further observation was that the endogenous light emission (no added aldehyde) decays more rapidly than does the luciferase bound flavin-4a-hydroperoxide. This suggests that the endogenous light is not caused by the decomposition of the flavin-4a-hydroperoxide.
(cf. Scheme 1) was proposed by Eberhard and Hastings (1972) to explain this process, and has been frequently quoted in textbooks and reviews as a viable path (Branchaud and Walsh, 1985) . However, this mechanism suffers from the lack of a rationale for the generation of an excited state. It has been demonstrated that the flavoprotein cyclohexanone monooxygenase is able to process alkyland arylboronic acids as substrates, and good arguments have been put forward for this reaction proceeding via a Baeyer-Villiger type of mechanism (Branchaud and Walsh, 1985; Walsh and Chen, 1988) . Furthermore, the oxidation of boronic acid substrate analogs to the corresponding boric acid Chemistry, Ithaca, NY 14850, USA. tTo whom correspondence should be addressed.
§Abbreviations: FMN, flavin mononucleotide; FMNH-4a-OOH, FMN-4a-hydroperoxide; FMNH 2 , reduced flavin mononucleotide; GC-MS, gas chromatography-mass spectroscopy; HPLC, high performance liquid chromatography; NMR, nuclear magnetic resonance.
Bacterial luciferase catalyzes the oxidation of reduced flavin mononucleotide (FMNH 2 ) § and long chain aliphatic aldehydes by molecular oxygen to produce light, FMN, the corresponding carboxylic acid and water (Hastings et al., 1985) . A long-lived luciferase-bound f1avin-4a-hydroperoxide intermediate (FMNH-4a-00H) is produced from the reaction of FMNH 2 with O 2 (Hastings and Gibson, 1963; Hastings et al., 1973) , which then reacts with aldehyde to form a carboxylic acid and a luciferasebound f1avin-4a-hydroxide in the singlet excited state (Kurfiirst et al., 1984) . The latter exhibits all the properties required for the emitter, and can be assumed to play this role at least in those cases in which no adventitious fluorescent protein emitters are involved in the reaction (Hastings et al., 1985; Ghisla et al., 1987; Eckstein et al., 1990) . The mechanism by which the aldehyde substrate is oxidized to the corresponding carboxylic acid (see below), thereby providing the energy for the generation of the excited state, is still elusive.
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First publ. in: Photochemistry and Photobiology 54 (1991), 2, pp. 295-299 Konstanzer esters has been proposed to be diagnostic for this mechanism (Walsh and Chen, 1988) . We thus attempted to verify a Baeyer-Vitliger type of mechanism for the bacterial luciferase reaction by using the boronic acid analogs of the normal substrate, long chain aldehydes. Preliminary experiments (Macheroux and Ghisla, 1985) had indicated that such long chain boronic acids could yield light when substituted for aldehyde in the bacterial luciferase reaction. The interpretation of such results requires caution, however, because boronic acids are known to be very prone to oxidation, thus yielding aldehydes, the normal substrate of luciferase. We have carried out a thorough investigation of the reaction analogous to that depicted above, but substituting the corresponding boronic acid for aldehyde, and by taking care to analyze for all the potential products, i.e. light, boric acid, and nonanol. No light emission was observed and no evidence for the postulated products was obtained.
MATERIALS AND METHODS
1-Bromononane, trimethyl borate, and curcumin were from Merck (Darmstadt, Germany); FMN, decanal and boron standard solution were from Aldrich Chemical Co. (Milwaukee, WI). The aldehydes were distilled before use. All other chemicals were of reagent grade. All experiments were carried out in 10 mM phosphate buffer, pH 7, containing 0.35 M NaCI (standard buffer). Nonylboronic acid ) and heptylboronic acid (CA Registry No. [28741-07-3] ) were prepared according to published methods (Snyder et al., 1938; Torsell and Larsson, 1957) . The crude material was stored under nitrogen at -25°C. Before use the material was crystallized once from nitromethane and twice from toluene. The white crystalline solid was moistened with water and stored in a brown jar under nitrogen at -25°C. Its lH-NMR spectrum in deuterochloroform (JEOL, 90 MHz) was consistent with the structure and did not show any impurities.
Cells of Vibrio harveyi, Cline's mutant strain M-l7, were grown and harvested as described by Nealson (1978) . Luciferase was purified according to the procedure of Holzman and Baldwin (1982) , and was >95% pure as judged from SDS-gel electrophoresis. The concentration of the enzyme was estimated using a molecular weight of 79kDa and an E 2Ro value of 74000 M-I cm-1 (Tu et al., 1977) . Absorbance spectra were recorded with a Kontron Uvikon 820 spectrophotometer modified for the simultaneous determination of light emission, as described ear!-ier (Kurfiirst et al., 1984) . The luciferase-bound FMNH4a-OOH was prepared and purified by molecular sieve column chromatography at 4°C (Kurfiirst et al., 1984) . After the decay of the FMNH-4a-OOH, the solution was stored at -25°C until product analysis could be carried out. The content of boron was determined by using the curcumin method (Boltz and Gupta, 1970) . Nonanol concentration was determined with the help of Dr. N. Blau (Department of Medicinal Chemistry, University of Zurich) by GC-MS, using a calibration curve extending over the range of 0.5 to 20 nmol. Bioluminescence was measured with a photometer as described by Mitchell and Hastings (1971) . In a typical experiment, the reaction was initiated by the injection of 0.5 mL of an anaerobic solution containing 40 IJoM FMNH 2 (prepared by catalytic reduction of FMN with hydrogen over platinum) in standard buffer (see above) into a solution of luciferase (1 IJoM) in standard buffer. Secondary additions were carried out immediately (1-2 s) using a syringe containing e.g. 0.5 mL of a saturated solution of nonylboronic acid in standard buffer. A concentration of -40 IJoM was estimated for this solution by determining its boron content (Boltz and Gupta, 1970) upon oxidation for 30 min with 3% H 2 0 2 at pH 10 and 75°C. In tertiary assays (cf. Fig. 2 ) 0.5 mL of 0.6 IJoM decanal in standard buffer was injected followed by a solution of a boronic acid.
RESULTS AND DISCUSSION

Preparation and purification of alkylboronic acids
A most crucial point for this investigation is the purity of the boronic acids used. When nonylboronic acid was recrystallized from nitromethane as specified in the literature (Snyder et al., 1938; Torsell and Larsson, 1957) and used in the normalluciferase assay instead of decanal, light emission was indeed observed (Macheroux and Ghisla, 1985) . However, the intensity depended on the age and mode of preparation of the sample. A careful evaluation of material which had been purified by various methods led to the conclusion that the occurrence of some light emission was due to the presence of a contaminant, most probably an aldehyde. For this study, nonylboronic acid was recrystallized from nitromethane and subsequently twice from toluene, collecting only the best fractions from each step. The boronic acid prepared by this method was homogeneous as judged by its 'H-NMR spectrum. Conventional chromatographic methods (such as HPLC) proved unsatisfactory as criteria for purity. It was stable at -30°C in the presence of traces of moisture.
Evidence for interaction of boronic acid with luciferase
The luciferase bound flavin-4a-hydroperoxide (FMNH-4a-OOH) can be generated in situ by mixing luciferase, reduced flavin and oxygen. Its purification and characterization have been reported (Hastings et al., 1973; Becvar et aI., 1978) . The FMNH-4a-OOH reacts with long chain aldehydes to give rise to a blue-green light emission. Even without the addition of substrate a very low light emission occurs. This so-called endogenous light emission is typically less than 1% of the light emission obtained in the presence of an optimal aldehyde concentration (Hastings et al., 1966) . The decay of the endogenous light emission is markedly biphasic with half lives of 3 and 13 s at 20°C (Fig. 1) . Addition of nonylboronic acid to such in situ generated luciferase-bound FMNH-4a-OOH affects the course of the biphasic light emission, in that the first phase becomes significantly faster, while the second is essentially unaffected (half lives of 1 and 12 s, Fig. 1 ). Nonylboronic acid lowers the quantum yield by 30% as compared to a control. This demonstrates that nonylboronic acid binds to luciferase and affects the reactivity of the FMNH-4a-OOH. 
Competition between aldehyde and boronic acid for the active site
When nonylboronic acid was added to the reaction mixture in a normal assay subsequent to the addition of the aldehyde, the course of the aldehyde induced light emission was significantly modified: whereas the decay of the light intensity was monophasic with a half time of 6.5 s in the normal assay, it became distinctly biphasic in the presence of nonylboronic acid (Fig. 2 ) with half lives of 1 and 10 s at 20°C. The effects of nonylboronic acid on the kinetics of light emission were very similar to those observed with long chain alcohols which are known to be competitive inhibitors (Hastings et al., 1966; Baumstark et al., 1979; Tu, 1979) . Nonylboronic acid thus also competes with aldehyde for the active site of bacterialluciferase. Moreover the experiment described in Fig. 2 supports earlier observations that the interaction of the FMNH-4a-OOH with the aldehyde is reversible (Baumstark et al., 1979) . It is interesting to note that the inhibitory effects of nonylboronic acid on the endogenous (Fig. 1 ) and aldehyde dependent (Fig. 2) light eJllissions are very similar. When heptylboronic acid was added to a reaction mixture containing standard buffer, luciferase and decanal (26 fJ.M), and FMNH 2 was subsequently injected, the maximum intensity of the light emitted was reduced compared to that obtained with the normal assay in the absence of the boronic acid (data not shown). Increasing amounts of heptylboronic acid gave decreasing amounts of light, with 50% inhibition at 50-100 fJ.M heptylboronic acid. This suggests that the Kj for heptylboronic acid is more than one order of magnitude higher than the K d (2.4 fJ.M) measured for the dissociation of the corresponding alcohol (octanol) from the luciferase-FMNH-4a-OOH intermediate (Tu, 1979) .
Reaction of nonylboronic acid with purified luciferase bound FMNH-4a-OOH
The experiments above have provided evidence that alkyboronic acids bind to bacterial luciferase and compete with the natural substrate for the active site, but do not themselves lead to light emission. We next addressed two questions. First, do alkylboronic acids stabilize the FMNH-4a-OOH, as was demonstrated earlier for long chain alcohols, and second, is it possible that alkylboronic acids become oxidized by the FMNH-4a-OOH in a dark reaction? Figure 3 . Effect of nonylboronic acid on the decay of luciferase-bound FMNH-4a-OOH and the decay of the endogenous light emission. The luciferase-bound FMNH4a-OOH was prepared and purified as described earlier (Kurfiirst et al., 1984) . The spectrum of 1 mL of this species in standard buffer at 4°C containing 24 fLM boronic acid is shown by trace 1. The subsequent curves were obtained after 5, 10, 15, 25, 35, 55 , and 75 min. The spectrum of curve 9 was obtained upon warming at ambient temperature for 5 min and subsequent recooling to 4°C. The arrows indicate the absorbance maxima and the isosbestic points observed during the conversion. The initial spectrum and the changes observed with time were essentially identical in the absence of boronic acid (data not shown). The inset shows: absorbance decay in the absence (0) and in the presence (D) of boronic acid; light emission intensity in the absence (e) and in the presence (.) of boronic acid. The light emission and absorbance spectra were measured with the same sample, using a spectrophotometer equipped to measure the two simultaneously (Kurfiirst et al., 1984) .
In order to answer these questions we monitored the decay of the purified FMNH-4a-OOH species in the absence and presence of highly purified nonylboronic acid (Fig. 3) . The luciferase-bound FMNH4a-OOH was measured by its absorbance, and was found to decay more than twice as fast in the presence of nonylboronic acid (t1l2 = 17 min) than in its absence (t1l2 = 41 min). The decay of the endogenous light emission was only slightly faster in the presence of nonylboronic acid (t1/2 = 5.5 min compared to 7.5 min). It has generally been assumed, and demonstrated to be so under some conditions (Hastings and Gibson, 1963) , that the intensity of the endogenous emission is an accurate measure of the amount of luciferase-bound FMNH4a-OOH. Under the conditions used in the experiment of Fig. 3 , however, the observed endogenous light emission had a much shorter half life than the decay of the FMNH-4a-OOH species. This observation indicates that the elusive endogenous light emission cannot be attributed to an excited state generated by the decay of the FMNH-4a-OOH itself. Finally, Fig. 3 shows that the decay of the FMNH-4a-OOH in the presence and absence of alkylboronic acids proceeds with the same isosbestic points. This finding implies that the nature of chemical events leading to the end product FMN are the same, even though the kinetics of the light emission and its quantum yield aIle different (Fig. 1) .
Analysis of products from reaction of luciferase bound FMNH-4a-OOH with nonylboronic acid
Since the decay of the FMNH-4a-OOH is twice as fast in the presence of nonylboronic acid as in its absence, it is indeed conceivable that the nonylboronic acid is oxidized by the FMNH-4a-OOH, but that the process does not produce light. To clarify this point we have carried out a thorough search in the reaction mixture for the products to be expected from the peroxide oxidation of nonylboronic acid, i.e. I-nonanol and boric acid (see Scheme 1). In an experiment such as that depicted in Fig. 3 and upon completion of the decay of the FMNH-4a-OOH to oxidized FMN, we did not detect any nonanol or boric acid. The sensitivity of the assay procedures (see Materials and Methods) would have allowed the detection of 0.7-2 nmol of either product. Twelve nmol of luciferase-bound FMNH-4a-OOH were used in these experiments (cf. Fig. 3 ), so this means that less than 15% and more probably less than 5% of the decay of the luciferase-bound FMNH-4a-OOH could involve oxidation of the nonylboronic acid. From these results we conclude that alkylboronic acids do not react appreciably according to the reaction sequence depicted in Scheme 1. The accelerated decay of the FMNH-4a-OOH in the presence of alkylboronic acids thus can not be attributed to the oxidation of the boronic acid. Instead, binding of alkylboronic acid to luciferase may induce a conformational change of the protein which in turn destabilizes the FMNH-4a-OOH. If any oxidation of boronic acids occurs, it must be slow, and any putative light emission would have to be considerably less than the endogenous light emission. If it occurs at all, it should be considered as a side reaction. It is also possible that the boronic acids perturb the hydrogen bonding network of the enzyme intermediates or directly catalyze H 2 0 2 elimination from the luciferase-FMNH-4a-OOH.
CONCLUSION
The results presented demonstrate that alkylboronic acids do not substitute for aldehydes as substrates for bacterial luciferase. Instead, they are inhibitors of the normal luciferase reaction. These results are surprising since boronic acids are very easily oxidized by flavin hydroperoxides (Branchaud and Walsh, 1985) and by two flavoprotein monooxygenases which have been presumed to proceed through the same FMNH-4a-OOH intermediate found in bacterial luciferase. It is conceivable that stereoelectronic factors could be responsible for the lack of reaction of boronic acids with the luciferasebound FMNH-4a-OOH. Baeyer-Villiger reactions and boronic acid oxidations are generally assumed to proceed in an antiperiplanar configuration, as shown in Scheme 2, structures A1 and B1, respectively, in order to maintain optimal orbital overlap as the carbon-oxygen bond forms and the oxygenoxygen bond cleaves. The tetrahedral adduct is probably bound to the luciferase by the alkyl side chain of the aldehyde, by the flavin and perhaps by an acid-base catalytic group in the conformation shown in Scheme 2, structure A2, optimally aligned for hydride migration. If alkylboronic acids are bound in a similar fashion then alkyl migration cannot proceed because the alkyl group is bound by the enzyme and thus the carbon-boron bond is not properly oriented antiperiplanar to the oxygenoxygen bond (Scheme 2, structure B2).
